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Abstract 
Five La1-xSrxMnO3+−based perovskites (x = 0, 0.05, 0.15, 0.25 and 0.50) were synthesized 
and investigated by powder XRD, dilatometry and electrochemical impedance 
spectroscopy measurements and cone-shaped electrode techniques. The thermal 
expansion coefficient increased with increasing strontium content. It was shown that the 
total polarization resistance was the lowest for the intermediate compound, 
La0.95Sr0.05MnO3+. Two arcs were found in the impedance spectra. These arcs were 
attributed to two one-electron processes. The results indicate that either Mn(III) is the 
catalytically active species or that the redox capacity is important for the activity of the 
compounds towards the reduction of oxygen in a solid oxide fuel cell. At higher 
temperatures, the oxide ionic conductivity may also play a role. 
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Introduction 
A solid oxide fuel cell (SOFC) is a high-temperature unit, which converts chemical energy directly 
into electricity and heat. The choice for a cathode is a LSM and YSZ (LSM = strontium-substituted 
lanthanum manganite and YSZ = yttria-stabilized zirconia) composite cathode [1]. Many studies of the 
activity of manganite-based perovskite electrodes towards the electrochemical reduction of oxygen 
have been undertaken in the literature, see i.e [2] for a review. There is insufficient agreement in the 
literature. Hammouche et al. [3] found that the activity towards the reduction of oxygen increased 
with an increasing amount of strontium, at least until the strontium content reached 50 %, using point 
electrodes at 960 °C. This finding was later confirmed by Hansen et al. [4] at a somewhat lower 
temperature of 500 °C. In contrast, Yasamoto et al. [5] found that the activity of LSM10 was much 
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higher than the activity of LSM40, using porous planer electrodes. In a later publication, Hansen [6] 
showed that at temperatures of 400 °C or less, a less clear dependence on the composition existed. 
This study employed a combined cone-shaped electrode and electrochemical impedance 
spectroscopy (EIS) measurements of LSMx (La1-xSrxMnO3+)-based perovskite SOFC cathodes. The use 
of cone-shaped electrodes was first suggested by Fabry and Kleitz [7]. Cone-shaped electrodes are a 
useful technique when comparing different electrode materials [3,8-20]. There are several reasons for 
this. When using porous electrodes, the performance depends strongly on the microstructure. Also, 
the electrode is often mixed with electrolyte, itinerating the true properties of the electrode material. 
In addition to this, the electrode and electrode is sintered together during processing, leading to 
reaction between the electrode and the electrolyte. For cone-shaped electrodes the dependence on 
microstructure is less, it is not mixed with electrolyte and the electrode and electrolyte is sintered 
separately. In addition to the electrochemical properties, the thermal expansion coefficient was 
determined. In this study we for the first time report the detailed correlation between impedance 
data and the composition of LSM. 
Experimental 
The synthesis of the LSM-based perovskites was performed using a glycine-nitrate process [21]. 
In short, aqueous solutions of the metal-nitrates were mixed in the appropriate ratio in a beaker, 
before glycine was added. The mixtures were then heated on a hot plate until combustion. The 
resulting powders were then transferred to alumina crucibles, and the powders were calcined at 
1100 °C/12 h in air in a box furnace. The metal-nitrates used were the following: La(NO3)3·6H2O (Alfa 
Aesar, 99.9 %), Sr(NO3)2 (Alfa Aesar, 99 %), and Mn(NO3)2·4H2O (Alfa Aesar, 99.98 %). The phase 
purity of the LSM perovskites was checked using powder X-ray diffraction using a Stoe theta-theta 
diffractometer equipped with CuKα radiation. The diffractograms were recorded in the interval 2  
20 to 80°. The cone-shaped electrodes were made by pressing 7-8 g of the powder in a die with a 
diameter of 10 mm. The resulting cylinders were then sintered at 1250 °C for 12 h in air in a box 
furnace. Finally, the sintered cylinders were machined into cone-shaped electrodes. The 
electrochemical measurements were conducted as follows. The cone-shaped electrodes were 
equilibrated at temperature for 24 h before the EIS measurements. The measurements were 
performed at temperatures of 800, 700 and 600 °C in the given order. For the EIS measurements, a 
Solartron 1260 in standalone mode was used. The frequency ranged from 1 MHz to 0.05 Hz (or to 
0.01 Hz at 600 °C) with five points measured per decade. An amplitude of 24 mV was used 
throughout. A pellet of Ce0.9Gd0.1O1.95 was used as the electrolyte. The pellet was polished with a 1 
m diamond paste. The contact areas of the cone-shaped electrodes were calculated using 






=  (1) 
where r is the radius of the contact point,  is the specific conductivity of the electrolyte and Rs is 
the intercept at high frequency in the impedance plot. The EIS data were fitting using a program by 
Boukamp [23]. In general, the EIS data could be fitted using two (RQ)’s in series with a series 
resistance. Q is a constant phase element with the admittance:  
Y = Y0(j/0)n (2) 
where Y0 and n are constants found from the fitting and  is the angular frequency. At first, the 
n-values were allowed to vary freely. Then, the average of the n-values was estimated, and the 
fitting was repeated with a constant n.  
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Results 
The results from powder XRD are shown in Table 1. All the manganite-based perovskite 
compounds are phase pure and belong to the hexagonal crystal system.  
An example of an impedance spectrum is depicted in Figure 1. The electrochemical behavior of 
the manganite depends strongly on the amount of strontium, and the most active perovskite is the 
intermediate compound with x in La1-xSrxMnO3+d equal to 0.05, as seen in Figure 2. The thermal 
expansion coefficient (TEC) is given in Table 2. The TEC increases with increasing strontium content. 
In Table 3, the results from the fitting can be found. It is seen that the magnitude of the arcs is 
strongly dependent on the composition of the manganite. Table 4 gives the impedance of the 
individual arcs at 600 °C. The low frequency is the most dominant for all the compositions. In Table 5 
the near equivalent capacities for two arcs at 600 °C are listed. The high frequency arc is seen to 
vary a lot with composition, whereas the low frequency arc is almost constant with composition. 
The last Table, Table 6, gives the contribution from the two arcs at 800 °C. As is the case at 600 °C 
the low frequency arc has the highest values. 
 
 
Figure 1. An example of an EIS spectrum for LSM5 at  
600 °C. The dots are the measured data,  
and the solid line is the fitted data. 
 
Figure 2. Total ASR values as a function of x in 
the LSMx compounds at 600 °C. The total ASR 
is lowest for the intermediate compound LSM5 
Table 1. Unit cell parameters of the manganites. All the manganites belong to the hexagonal crystal system. 
 LSM0 LSM5 LSM15 LSM25 LSM50 
a / Å 5.5197 5.5172 5.5128 5.4862 5.4440 
c / Å 13.354 13.342 13.358 13.569 13.424 
Table 2. TEC values recorded from room temperature to 1000 oC 
 LSM0 LSM5 LSM15 LSM25 LSM50 
TEC, 10-6 K-1 9.53 11.87 12.97 13.68 14.38 
Table 3. Total ASR values at the three different temperatures covered 
 ASR;  cm2 
t / oC LSM0 LSM5 LSM15 LSM25 LSM50 
600  150.3 132.0  142.9 232.9 333.3 
700  48.5 16.1 29.0 37.1 37.8 
800  14.0 1.06 6.45 5.71 4.83 
Table 4. ASR values of the individual arcs at 600 °C. R1 is high frequency arc and R2 is low frequency arc 
 ASR;  cm2 
LSM0 LSM5 LSM15 LSM25 LSM50 
R1 2.66 6.78 6.24 13.95 64.26 
R2 148.7 125.2 136.7 218.9 222.2 
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Table 5. Near-equivalent capacitances for the individual arcs per unit area at 600 °C. C1  
is high frequency arc and C2 is low frequency arc 
 C / F cm-2 
 LSM0 LSM5 LSM15 LSM25 LSM50 
C1  12.6 2500 26.7 350 17.5 
C2  400 1000 300 600 80 
Table 6. ASR values of the individual arcs at 800 °C. R1 is high frequency arc and R2 is low frequency arc 
 ASR;  cm2 
LSM0 LSM5 LSM15 LSM25 LSM50 
R1  0.13 0.22 0.25 0.09 0.48 
R2  13.9 2.26 6.40 5.54 4.28 
Discussion  
The XRD results agree with the literature, that is, all the manganites belongs to the hexagonal 
crystal system [24]. That the TEC increases with Sr content is expected as Sr(II) has approximately 
2/3 of the bonding energy of La(III).  
The magnitude of the ASR is very high on the cone-shaped electrodes compared to that of the 
porous composite electrodes of the same materials [8,25]. This finding is partly because the cone-
shaped electrodes not are composite electrodes, and partly due to the interface between the 
electrode-electrolyte, which not is optimized in the case of the cone-shaped electrodes. The 
geometrical configuration of the cone-shaped electrode limits the number of contact points at the 
electrode/electrolyte interface. Additionally, the cone-shaped electrode is dense and therefore has 
a low surface area.  
For mixed conducting perovskite-based electrodes a three-step mechanism has been propo-
sed [26]. This mechanism includes a slow redox reaction at the surface of the electrodes, the diffuse-
ion of oxide anions through the bulk of the electrodes and the transport of oxide anions across the 
electrode-electrolyte interface. At 600 oC the oxide ionic conductivity of the LSM-based perovskites is 
very low, and they are not considered to be mixed conductors [27,28]. However, a simple mechanism 
has been suggested for pure electronic conductors that can explain the two-arc impedance spectrum. 
The mechanism has been suggested by van Hessel et al. [29,30] for a gold electrode and by Divisek et 
al. for LSM30 [31]. The mechanism is given below using Kröger-Vink notation.  
2 ad½O (g)+ad O→   (4) 
-
ad adO +e' O→  (5) 
- •• x
ad O OO +V +e' O +ad→  (6) 
where ••OV  is a vacancy in the electrolyte, 
x
OO  is an oxide anion in the electrolyte and ad is an 
adsorption site on the surface of the electrode. It is seen that this mechanism includes two one-
electron transfer reactions. If one arc is the result of the transport of oxide anions across the 
electrode-electrolyte interface, then the double layer capacity of this arc should be in the range of 
10-6 to 10-4 F cm-2[27]. The near-equivalent capacitance of a constant phase element in parallel with 
a resistance can be calculated from the equation [32]: 
(1 )/ 1/
ω 0
n n nC R Y−=  (3) 
where R is the resistance and Y0 and n are constants. All three values are found from the fitting. As 
seen from Table 4, the values of the near-equivalent capacity for the high-frequency arc is almost 
within the values predicted for a double layer capacity, suggesting that the high-frequency arc is 
due to the transport of oxide anions across the electrode-electrolyte interface. The magnitude of 
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the high-frequency arc is seen to increase with increasing strontium content. This strong depen-
dence on composition indicates that the catalytic properties of the electrode material are also 
important for the magnitude of the high-frequency arc. This finding again indicates that the high-
frequency arc not only is due to a simple transport of oxide anions across the electrode-electrolyte 
interface, as suggested by Siebert et al. [26], but also includes the transference of electrons, as 
predicted by the mechanism suggested by van Hessel et al. [29,30] and Divisek et al. [31].  
The low-frequency arc is then, accordingly to the mechanism, due to the transference of one 
electron from the electrode to an adsorbed oxygen atom. This step can be described as a slow redox 
reaction at the surface of the electrode. The values found in Table 4 are in good agreement with the 
capacitance found for a surface reaction. 
The amount of Mn(III) and the redox capacity decrease with increasing strontium content, and 
the activity of the manganite-based cathodes decreases with increasing strontium content. This 
result indicates that one of these two parameters is important for the activity of the manganites 
towards the electrochemical reduction of oxygen. The two one-electron processes can explain why 
the magnitude of both arcs depends on the strontium content. The greater activity of LSM5 
compared with that of LSM0 indicates that the amount of oxide ion vacancies is important for the 
activity of the manganites towards the electrochemical reduction of oxygen.  
The trend found in this study for the manganites at 600 °C follows the trend found for the 
ferrites [33]. This finding also indicates that Mn(III) is the catalytically active species in manganites, 
just as Fe(III) is the catalytically active species in ferrites [33].  
At 800 °C the picture changes, as it is seen that the activity towards the reduction of oxygen 
increases with increasing strontium content, except for LSM5. At 800 °C, the oxide ionic conductivity 
of the manganites is higher than the conductivity at 600 °C, and this may explain why a change in 
the order is observed at 800 °C, as the ionic conductivity of the manganites increase with increasing 
strontium content [27]. However, it must be said that the differences in the total ASR among LSM15, 
LSM25 and LSM50 are very small. 
The results at 600 °C presented in this work confirm the findings by Yasamoto et al. [4]. However, 
the results reported by Hammouche et al. [2] were obtained at higher temperature (960 °C), and it 
is seen that the values reported in this study at 800 °C follow the trend reported by Hammouche et 
al. [2] except for LSM5, which not was studied by Hammouche et al. [2]. Some discrepancies with 
earlier studies are observed. These discrepancies can be due to the sluggishness of the reactions at 
low temperatures compared to that at a high temperature and the different pretreatments of the 
electrodes before recording the impedance spectroscopy or cyclic voltammetry measurements. 
Additionally, the EIS was conducted at OCV, whereas the cyclic voltammetry data were recorded far 
from the OCV. 
Conclusion 
The activity of LSM-based perovskite cathodes are determined mainly by the amount of Mn(III) 
or perhaps the redox capacity. The amount of oxide ion vacancies might also be important. The 
intermediate compound LSM5 has the highest activity towards the reduction of oxygen in an SOFC. 
The reduction of oxygen is suggested to take place via two one-electron processes. 
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